Purpose: We sought to characterize our recent experience with thoracoscopic congenital diaphragmatic hernia (CDH) repair and identify patient selection factors. Methods: We reviewed the medical records of full-term neonatal (<1 month of age) patients who underwent thoracoscopic CDH repair between 2004 and 2008 (n ¼ 15). We obtained data on prenatal diagnosis, characteristics of the CDH and repair, complications, and outcome. Results: All patients were stabilized preoperatively and underwent repair at an average of 5.7 AE 1.3 days. Six patients were prenatally diagnosed, including the 5 inborn. Thirteen defects were left-sided. All were intubated shortly after birth and 2 required extracorporeal membrane oxygenation (ECMO). Twelve of 15 (80%) patients underwent successful thoracoscopic primary repair, including 1 of the patients who required ECMO prior to repair. Conversion to open repair occurred in 3 of 15 (20%) patients because of the need for patch closure or intraoperative instability. Among those converted to open, all had left-sided CDH defects and 3 had stomach herniation (of 5 such patients). Patients spent an average of 6.9 AE 1.0 days on the ventilator following repair. The average time until full-enteral feeding was 16.7 AE 2.25 days, and average length of hospital stay was 23.8 AE 2.73 days. All patients survived to discharge, and average length of follow-up was 15.3 AE 3.6 months. Conclusions: Thoracoscopic repair of CDH is a safe, effective strategy in patients who have undergone prior stabilization. Stomach herniation is associated with, but does not categorically predict, conversion to open repair. ECMO use prior to repair should not be an absolute contraindication to thoracoscopic repair.
Introduction

I
ncreasing popularity of minimally invasive surgical (MIS) techniques has led to the use of these techniques for more complex pediatric surgical problems. Repair of congenital diaphragmatic hernia (CDH) is no exception and successful repair by laparoscopic and thoracoscopic techniques were initially reported in infants and children. [1] [2] [3] Our early experience indicated that refinements in technique and better patient selection criteria would be necessary for successful MIS repair of neonatal CDH. 4 Subsequently, neonatal thoracoscopic CDH repair has been successful with primary repairs, [5] [6] [7] [8] [9] [10] [11] [12] as well as with patch repairs. 6, 13, 14 Recent efforts have been made to delineate selection criteria predictive of the need for primary versus patch repair, because the latter tends to predict the need for conversion to open repair. We sought to characterize our recent experience with thoracoscopic CDH repair and examine selection criteria that predicted the need to convert to open repair.
Methods
After receiving approval from our Institutional Review Board (IRBMED, University of Michigan Medical School protocol approval #HUM 00025603), we reviewed the medical records of 15 near-and full-term neonatal patients who underwent thoracoscopic CDH repair between 2004 and 2008. All patients included in this study underwent repair within the first 30 days of life. During the study period, these patients were cared for by a team of seven pediatric surgeons. Patients diagnosed prenatally at our institution received serial ultrasounds with calculation of lung-to-head ratio (LHR) and determination of liver position. 15 Following delivery, all patients were managed by using a gentle ventilation technique to maintain peak inspiratory pressure (PIP) 25 cmH 2 0, peak end-expiratory pressure (PEEP) of 5 cmH 2 0, respiratory rate (RR) less than 70 breaths per minute (bpm), and fraction of inspired oxygen (F i O 2 ) was weaned to maintain preductal oxygen saturation above 85%, as long as perfusion was adequate. 16, 17 After patients were stabilized from a respiratory and cardiac perspective, they were taken to the operating room for CDH repair. Patients considered for thoracoscopic repair met the following criteria: 1) preoperative stability with gentle ventilation parameters, 2) no evidence of pulmonary hypertension, and 3) no major associated anomalies.
Operative technique
Single-lung ventilation was not required. A 5-mm initial trocar was placed below the tip of the scapula or in the midaxillary line at the level of the nipple and insufflation of the thorax undertaken with approximately 4-7 mm Hg of pressure. After placement of the thoracoscope, two additional trocars, between 3 and 5 mm, were placed under direct visualization. In two thirds of the patients, the additional instruments were placed under direct visualization through two small stab incisions. Following reduction of the hernia contents into the abdominal cavity and delineation of the edge of the diaphragm, primary repair was undertaken with interrupted 2-0 Ethibond (Ethicon, Inc., Somerville, NJ) or silk sutures tied intracorporeally. If necessary, pledgetted sutures were used in areas of attenuated diaphragm. If the lateral portion of the diaphragm needed reinforcement, this was done with a pericostal suture placed either intracorporeally or by use of a Carter-Thomason needle (Inlet Medical, Inc., Eden Prairie, MN) 12 under direct visualization with the knot secured within the subcutaneous tissue. Chest tubes were not used routinely, but were used per surgeon preference. If the procedure was converted to open repair, a subcostal incision was made and intra-abdominal reduction of the hernia contents undertaken. When there was an inadequate diaphragm for primary repair, the repair was completed by using a patch of synthetic or biologic material.
Data collection and statistical analysis
Patient demographic data including estimated gestational age (EGA), birth weight, Apgar scores, inborn=outborn status, associated anomalies, and information on prenatal diagnosis [LHR or magnetic resonance imaging (MRI) lung volume data, if available], were recorded. Indicators of CDH severity were also recorded, such as liver or stomach herniation, ventilator settings, arterial blood gas (ABG) values, and the use of treatment beyond conventional ventilatory management, such as surfactant, high-frequency oscillatory ventilation (HFOV), or extracorporeal membrane oxygenation (ECMO). Operative repair data were noted, including day of life (DOL) at repair, operative time, conversion to an open operation, need for patch repair, and placement of a chest tube. Outcome variables included survival, number of total and postoperative ventilator days, DOL when tolerating full enteral feeding, and length of hospital stay (LOS). In addition, the incidence and type of complications, as well as recurrences, were recorded. Descriptive and t-test statistics were performed by using SPSS (SPSS Inc., Chicago, IL) and Excel (Microsoft Corp, Redmond, WA).
Results
General characteristics and outcomes
We identified 15 neonatal patients who underwent attempted thoracoscopic CDH repair. They had an average EGA of 38.6 AE 0.3 weeks (range, 35-40). Average birth weight was 3.4 AE 0.1 kg, and mean Apgar scores at 1 and 5 minutes were 6.2 AE 0.5 and 8.1 AE 0.4, respectively. All survived; predicted survival by the CDH Study Group equation was 0.83 AE 0.03. 18 Thirteen defects were left-sided (87%), with no liver herniation. The 2 right-sided defects had liver herniation. Prenatal diagnosis was possible in the 5 inborn patients; information regarding prenatal diagnosis was not available in the single outborn patient with a prenatal diagnosis (see Table 1 ). Prenatal evaluation of patients with CDH included calculation of LHRs. LHRs were calculated in 4 of the 5 patients and most fell in a very favorable range (>1.4), with a mean of 1.8 AE 0.2. The sole cardiac abnormality was a ventricular septal defect. Five patients had stomach herniation, as determined by chest radiograph.
The average DOL at the time of repair was 5.7 AE 1.3 days and average weight at the time of repair was 3.5 AE 0.2 kg. The repairs took an average of 161 AE 19 minutes. The number of 
Comparison of completely thoracoscopic to repairs converted to open
When patients repaired thoracoscopically (T, n ¼ 12) were compared to those who required conversion to open repair (TO, n ¼ 3), there were no significant differences in general characteristics, such as birth weight, Apgar scores, and CDHSG predicted survival. Ventilator settings were generally minimal, with no significant differences between the T and TO groups. Average values were approximately 21 cmH 2 0 for PIP, 5 cmH 2 0 for PEEP, 0.30 for F i O 2 , and 48-52 bpm for respiratory rate (see Table 2 ). Preoperative ABG data revealed mild hypercapnia but were otherwise unremarkable; there were no significant differences between groups.
Twelve of 15 patients were maintained on conventional ventilation alone. In the T group, 1 patient required a one-time use of surfactant and another required a 4-day course of ECMO. In the TO group, 1 patient required both HFOV and a 2-week course of ECMO. Both patients who required ECMO were successfully weaned off of it and remained hemodynamically stable prior to operative repair. Five patients in the T group received intraoperatively placed chest tubes and 1 for a postoperative pneumothorax; 2 patients in the TO group received intraoperatively placed chest tubes.
One patient in the TO group underwent repair far later than the other patients studied (DOL 23, compared to 5.7, on average), resulting in a higher average DOL at repair for the TO group (11. All 3 patients in the TO group had stomach herniation, of 5 such patients. Two patients in the TO group required patch repairs, while no patients in the T group required one. The need for a patch was the indication for conversion to an open repair in 2 of the 3 patients, with 1 patch repair initially attempted thoracoscopically. The other patch repair was immediately converted to open due to the limited amount of native diaphragm present. The other patient in the TO group experienced prohibitively high intraoperative PIP levels, prompting a conversion to an open repair. There were a total of 4 (27%) complications, 3 of which occurred in the T group. Complications included pneumothoraces in 2 patients, and a pleural effusion and case of pneumonia in 2 other patients. Two cases of recurrence were noted in the T group, 1 at DOL 215 and the other at an unknown time (the patient was treated at another institution).
Discussion
Thoracoscopic CDH repair is a safe, effective operative approach in neonates. Surrogate markers for the severity of a diaphragmatic defect, such as LHR or the predicted survival estimated by the CDHSG equation, suggest that less severe CDH can be successfully treated with thoracoscopic repair. While stomach herniation was associated with a need for conversion to an open repair, it did not necessarily exclude thoracoscopic repair. Preoperative need for ECMO should not necessarily be considered a contraindication to thoracoscopic repair, if the patient demonstrates subsequent stability.
Minimally invasive operative techniques are being explored with increasing enthusiasm in pediatric surgery. Among the benefits of these techniques are decreased postoperative pain and improved long-term cosmesis. CDH repair has been successfully performed both laparoscopically and thoracoscopically in infants and children. [1] [2] [3] However, our initial report of neonatal thoracoscopic CDH repair suggested the need for refinement in techniques and better patient selection criteria. 4 Since then, further reports have proven that it is feasible, safe, and effective. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] 19 Although prenatal diagnosis of CDH tends to be a worse prognostic factor, a favorable LHR without liver herniation may actually predict a good prognosis and may be associated with successful thoracoscopic repair. Two of the 6 patients who were prenatally diagnosed required open repair with a patch-one was diagnosed at another hospital and the other had an LHR of 1.2 at 32 weeks EGA, which predicted a less favorable prognosis. Among the other patients, a favorable LHR correlated with successful repair by thoracoscopic approach and corresponded with their minimal ventilator settings. The high predicted survival of 83% by the CDHSG equation further suggests that patients in our population were less severe and more likely to undergo successful repair by a thoracoscopic approach. Repair was generally performed within the first week of life, suggesting that the ability to adequately stabilize these patients in this time period favorably disposes them to successful thoracoscopic repair. The 1 patient who was repaired on DOL 23 and had required ECMO and HFOV for stabilization prior to repair was found to have a large diaphragmatic defect intraoperatively requiring patch closure. In keeping with findings by Lally and the CDHSG, the large hernia defect in this patient may be thought of as a surrogate marker for pulmonary hypoplasia, predictive of a worse prognosis overall and an indicator of the need for open repair. 20 Three patients of 15 (20%) received repairs with conversion to open. One patient experienced dangerously high intraoperative PIP levels, raising a concern for barotrauma, leading to the decision to open. The other 2 patients required patch closure, 1 due to the inability to adequately place the patch thoracoscopically and another due to the large size of the diaphragmatic defect. Conversion rates in the recent literature range from 3.4 to 14%, 5,9,13 with 2 cases 6,12 reporting no conversions of up to 15 patients. Our conversion rate is comparatively high, but this should be interpreted in the context of pushing the boundaries of MIS repair in higher risk patients, such as those requiring ECMO.
A comparison of completely thoracoscopic repairs to those with conversion to open has not been previously reported. In our study population, the patients who underwent a thoracoscopic repair with conversion to open spent a longer time in the operating room. Our average operating time of 161 minutes is generally comparable to the literature, with most reported thoracoscopic CDH repair times in neonates falling in a range between 112 and 180 minutes. 4, 6, 13, 19 However, a recent study by Cho et al. compared 29 thoracoscopic repairs to 28 open repairs, finding that operative times for thoracoscopic repair (180 minutes) were significantly longer than those for open procedures (117 minutes). 13 As would be expected, our data showed that repairs took longer when converted to open procedures (155 minutes for T, 195 for TO). These patients spent a significantly longer time on the ventilator postoperatively and in general. In addition, these patients took a longer time to tolerate full enteral feeding and had a significantly longer LOS. Cho et al.'s study showed that total and postoperative ventilator times and time to feeding were similar whether patients underwent thoracoscopic or open repair. In comparison, we saw that patients in the TO group appeared to do worse overall, compared to the T group. Although this is likely due to the increased severity of the CDH defects in this group, as suggested by factors such as less favorable LHR calculation, history of long-term ECMO use, and high-intraoperative PIP, strict interpretation of these data are limited by the small number of patients in the TO group.
There is a wide range of reported complications associated with thoracoscopic CDH repair. Postoperative complication rates ranged from 11 to 55%. 4, 9, 13 Cho et al. reported a very inclusive list of complications potentially related to thoracoscopy and had the highest complication rate reported (55%). 13 Excluding conversion to open repair, our overall complication rate was 27%. We had only one complication, a postoperative pneumothorax requiring chest-tube placement, in the T group.
Because follow-up is often short term, reported recurrence rates may not be accurate in the literature. Nevertheless, these rates range from 14 to 21%, similar to our rate of 17%. 6, 12, 13 Of note, our recurrences both occurred in the T group.
Efforts have been made to predict which patients will require conversion to open repair. 12, 21 A study by Yang et al. employed predetermined criteria to select patients for thoracoscopic repair, such as a lack of stomach herniation by radiograph and use of minimal ventilator settings (PIP <24 mm 578 KIM ET AL. Surprisingly, the use of alternate modalities to conventional ventilation did not necessarily correlate with the need for open or patch repair. Indeed, though 3 patients had severe enough initial respiratory distress that they received a surfactant, HFOV, and=or ECMO, only 1 of these required open repair with a patch after having received both HFOV and ECMO. Cho et al. showed that of 29 successful thoracoscopic CDH repairs, 2 patients had received ECMO prior to their repair. 13 Thus, there appears to be no absolute contraindication to attempting thoracoscopic repair, and these criteria ought to be interpreted within the context of the individual patient.
Conclusions
Thoracoscopic CDH repair is a safe, effective operative approach in neonates who have been stabilized. This MIS approach appears most successful in the less severe subset of CDH patients, as corroborated by favorable LHR, lack of stomach herniation, adequate support by conventional ventilation alone, and the ability to repair the defect primarily within the first week of life. With technical advances and increased surgical experience, however, the thoracoscopic approach may well have broader application in higher risk patients if they can be adequately stabilized prior to repair.
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